Recently introduced 3D radial MRI pulse sequence entitled Multi-Band SWeep Imaging with Fourier Transformation (MB-SWIFT) having inherently zero acquisition delay was used to obtain functional MRI (fMRI) contrast in rat's brain at 9.4 Tesla during deep brain stimulation (DBS). The results demonstrate that MB-SWIFT allows images free of susceptibility artefacts, and provides an excellent fMRI activation contrast in the brain. Flip angle dependence of the MB-SWIFT fMRI signal and elimination of the fMRI contrast while using saturation bands, indicate a blood flow origin of the observed fMRI contrast. MB-SWIFT fMRI modality permits activation studies in the close proximity to the implanted lead, which is not possible to achieve with conventionally used gradient echo and spin echo -echo planar imaging fMRI techniques. We conclude that MB-SWIFT fMRI is a powerful imaging modality for investigations of functional responses during DBS.
To date, the feasibility of simultaneous DBS and MRI/fMRI is strongly dependent on the materials used for the DBS leads-commonly constructed of non-ferromagnetic metals (Coffey, 2009 )-and potentially hazardous currents in the lead induced by switching of MRI magnetic field gradients and radio frequency (RF) pulses which should be minimized using proper safety protocols values and the constrained bandwidth in the phase-encoded dimension, EPI techniques are strongly affected by the large magnetic susceptibility difference between the metallic components of the DBS leads and the tissue. Specifically, the magnetic field inhomogeneities induced by these susceptibility differences cause large image artifacts in the form of geometric distortion and signal dropout that make detecting brain activity near an electrode impossible.
Recently, a 3D radial MRI sequence called SWeep Imaging with Fourier Transform (SWIFT) (Idiyatullin et al., 2006 ) was shown to provide functional contrast in human brain at 4 T, despite the fact that SWIFT has no acquisition delay (TE = 0) (Mangia et al., 2012) . For correct localization of the signal in the presence of large magnetic susceptibility differences, e.g. near the DBS leads, an obvious solution is to utilize SWIFT with very high acquisition bandwidth. Due to its nearly zero acquisition delay, SWIFT can in principle detect all signal surrounding the DBS lead. However, due to technical constraints, the conventional SWIFT sequence has an upper limit on bandwidth. To circumvent that limitation in this work, we thus used a recently introduced version of the SWIFT M A N U S C R I P T
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technique called multiband SWIFT (MB-SWIFT) (Idiyatullin et al., 2015) . MB-SWIFT exploits the sidebands created by gapping the RF pulse and in this manner can achieve high acquisition bandwidths. The goal of the present study was to demonstrate the feasibility of MB-SWIFT fMRI during DBS in the rat brain. In addition, the performance of MB-SWIFT in generating functional contrast was compared to that obtained by Spin Echo EPI (SE-EPI), which is grounded on the BOLD effect (Norris, 2012) . Finally, we further explored the origin of the fMRI contrast detected with the near zero acquisition delay of MB-SWIFT by changing the flip angle as well as by introducing saturation bands to minimize the effect of blood inflow. The conclusions drawn should be applicable to any other ultra-short-TE MRI technique.
Methods
All surgical and experimental procedures were approved by the Institutional Animal Care and
Use Committee of the University of Minnesota. Sprague-Dawley rats (Envigo; Madison, WI, USA; n = 10, male, 275-300 g) were initially anesthetized using isoflurane for the duration of the implantation (5% for induction, 2-3% during surgery) in O 2 /N 2 O 30%/70% carrier gas. The respiration rate was monitored with a plastic pressure sensor during the surgery and MRI scanning.
The temperature was maintained at 37 °C with a heating pad during the surgery and with heated water circulation and heated air during MRI scanning. Temperature was monitored with a rectal thermometer. After implanting the electrode, the anesthesia was changed to urethane with three To investigate the contribution of blood flow to the functional contrast, functional scans were also conducted with saturation bands at the back of the brain to saturate the signal of blood inflowing to the brain, or at the front of the brain as a control (n = 5). The saturation bands were repeated after every 32 acquisitions with a rostro-caudal width of 7 mm using a 2 ms sinc pulse with a flip angle of 90°. The centers of the saturation bands were placed at ± 8.5 mm rostral/caudal from the center of the electrode. MB-SWIFT parameters were as above, but with 2666 spokes and only flip angle of 6° was used.
The performance of MB-SWIFT was compared to that of SE-EPI (n = 6) with the following parameters: TE = 35 ms, TR = 1.5 s, two shots, resulting in temporal resolution of 3 s, BW = 250 kHz, matrix size = 64 2 , FOV = 3.5 2 cm 2 , slice thickness = 1 mm and 11 slices with no interslice gaps. The SE-EPI readout direction was set to dorsal-ventral to avoid signal loss in the cortex due to susceptibility differences after exposing the skull. The first three volumes acquired during the stimulation protocol were excluded from the analysis as they consisted of approach to steady state M A N U S C R I P T
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and reference scans for MB-SWIFT and SE-EPI, respectively. The FOV of MB-SWIFT was placed so that the 11 middle slices aligned with SE-EPI and FSE. radial pulse sequence, it is highly insensitive to motion, and thus motion correction was unnecessary. MB-SWIFT with 1 s time resolution was not smoothed. The general linear model consisted of a block design model convolved with a rat hemodynamic function (Silva et al., 2007) and the baseline. Threshold for statistical significance of the activation maps were set to p < 0.05 (family-wise error corrected). Time series analysis was conducted using regions of interest (ROIs) selected with Aedes (aedes.uef.fi). The ROIs included only activated pixels from the ipsilateral and contralateral somatosensory cortex, rostral to the electrode so that the slices with susceptibility artifact using SE-EPI were not included. For the saturation band experiment, ROI draw on the control scan was used for both data sets. The time series in the ROIs were averaged and corrected for linear trending and baseline. The amplitude of the functional response was estimated as the average of the four highest values during the first stimulation period between 72 and 81 s.
Functional signal-to-noise ratios (fSNRs) were estimated by dividing the aforementioned amplitude of the functional response during the first stimulation period with the standard deviation of the baseline prior to the first stimulation period.
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Results
MB-SWIFT exhibited dramatic improvement of the image quality in the presence of an implanted electrode as compared to SE-EPI (Figure 1 ). The activated maps obtained with MB-SWIFT and SE-EPI were qualitatively similar, exhibiting ipsilateral and contralateral activations of the somatosensory cortex. The signal loss due to the electrode extended across 2-3 and 5-6 voxels in the medial-lateral direction in MB-SWIFT and SE-EPI ( Figure 1B, C) , respectively, and across 2-3 and 4-5 slices in the rostral-caudal direction, respectively, depending on the electrode placement within the FOV. The numbers of activated pixels in the somatosensory cortex included in the ROI analysis are compiled in Table 1 . The activated area was similar when comparing MB-SWIFT flip angles 4° and 6° to that of provided by SE-EPI, whereas on the contralateral side the activated area detected with MB-SWIFT was smaller. Five out of the six animals imaged with flip angles 2°, 4°, and 6° using MB-SWIFT showed activations next to the electrode in the thalamus with flip angle 4° and out of which four animals showed activation with flip angle 6°. Two animals with activations seen with both MB-SWIFT flip angles showed spatially shifted ipsilateral thalamic activations using SE-EPI (e.g. as seen in Figure 1C ). Importantly, MB-SWIFT showed no visible signal pile up artefacts next to the electrode or signal loss near air/tissue interfaces as was observed with SE-EPI.
The time series of the activation in the ipsilateral side exhibited similarity between MB-SWIFT and SE-EPI, although a pronounced flip angle dependence of the activation amplitude was observed with MB-SWIFT ( Figure 2 and Table 1 ). Ipsilateral fSNR was clearly higher with MB-SWIFT (using flip angle 6°, 27.2 ± 7.8 vs. 11.5 ± 3.1, p < 0.05, Mann-Whitney U-test).
Contralateral activation also expressed similarity between the pulse sequences, however, flip angle dependence of MB-SWIFT was less evident and no clear difference was observed in fSNR. When (Figures 1, 2) . However, when signal of the blood flowing into the brain was suppressed using saturation bands placed in the back of the brain, the response was significantly reduced (2.0 ± 0.8 %). The number of activated pixels in the ipsilateral cortex for individual animals with saturation band in the back of the brain was 0, 0, 9, 0 and 0 and in the control scans 39, 55, 64, 24 and 74, respectively. Table 1 . Quantification of functional response in the somatosensory cortex as seen by MB-SWIFT and SE-EPI (n = 6). 
SE-EPI
106 ± 27 40 ± 22 3.8 ± 0.4 3.1 ± 0.3 11.5 ± 3.1 9.1 ± 3.6
* differs from SE-EPI, † differs from flip angle 2°; p < 0.05, Mann-Whitney U-test
Discussion
In this study, we have demonstrated virtually susceptibility artifact free fMRI during DBS in rat's brain using MB-SWIFT. Since MB-SWIFT achieves near zero acquisition delay, nearly all signal surrounding the electrode is preserved regardless of fast T 2 *-decay. Notably, due to the high acquisition bandwidth available with MB-SWIFT, the detected signal is also correctly spatially Previously, fMRI studies using visual stimulation have also been conducted using 3D ultrashort TE (UTE) at 3 T in humans . Interestingly, the authors detected only negative responses of approximately -0.5%, while BOLD response was mainly positive at approximately 2.0%. This is opposite to our results and also opposite to previous SWIFT fMRI observations (Mangia et al., 2012) . While our first investigations of the origin of the MB-SWIFT functional contrast clearly indicate a predominant role of blood inflow, we cannot rule out that other mechanisms may play a role as well, although likely to a lesser extent.
Zero TE (ZTE) (Hafner, 1994 should not exceed 1/2BW (10 % drop in excitation profile to the edge of the FOV). Thus, to achieve high BWs with ZTE or MB-SWIFT, very short pulses are required. Hence, when increasing the flip angle for ZTE, peak RF power can be easily reached as only one RF pulse is used inside a TR. In this case, the only way to further increase the flip angle is to increase the pulse length (Weiger et al., 2013 ) which can compromise the excitation profile. However, since MB-SWIFT uses multiple subpulses inside a TR (assumed equal), MB-SWIFT can achieve higher flip angles while maintaining the pulse length and thus relatively flat excitation profile. This advantage will be even more critical for human studies using bigger and less efficient RF coils. It should be noted though that in the version of MB-SWIFT used here acquisition time is directly proportional to the number of subpulses and hence ZTE can be more time efficient if hardware restrictions allow this. However, the increased acquisition time could be shortened using super-resolution methods in future work (Idiyatullin et al., 2015) . Finally, the excitation profile of MB-SWIFT can be described as "striped", however, the use of fully frequency swept chirp pulses produce virtually continuous profiles (Idiyatullin et al., 2015) .
A crucial aspect of DBS-fMRI is the heating of the leads because of the currents induced by MRI especially with high specific absorption rate (SAR) pulse sequences. Based on the RF power measured at the input of the coil, we estimate that our experiments with MB-SWIFT at 6° flip angle correspond to SAR of ~20 W/kg in the rat head. While this is a large value, by going down to more clinically relevant field strengths, e.g. 3.0 T and 1.5 T, the estimated SAR is reduced to ~2 W/kg and 0.5 W/kg, respectively. According to current manufacturer guidelines for MRI of patients with implanted DBS leads (Medtronic, 2014) , the head only SAR limit is 0.1 W/kg at 1.5 T. Hence, further improvements are needed to make MB-SWIFT fMRI more feasible in patients with implanted DBS leads including e.g. reduced flip angle, reduced BW and possibly adding gradient modulation to the acquisition (Zhang et al., 2016) . Safety studies of MB-SWIFT in combination with DBS leads are necessary and in general the feasibility of MB-SWIFT fMRI in human should be thoroughly investigated.
As any 3D radial sequence, MB-SWIFT is coil dependent so that all signal detected by the coil needs to be included in the FOV, and as such, limits achievable resolution. Given that inflow is the main contributor to the functional contrast of MB-SWIFT, the response is similarly coil dependent. In addition, although true 3D fMRI can be beneficial, its main caveat is the achievable time resolution, as sufficient data are needed to be collected in order to avoid aliasing artifacts. Here we demonstrated MB-SWIFT fMRI with 3-s, but also 1-s time resolutions, leading to 76% (3094 M A N U S C R I P T
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spokes) and 92% (1010 spokes) undersampling at the edge of k-space, respectively. Hence, at least moderate time resolutions are achievable with MB-SWIFT and other similar ultra-short-TE MRI sequences. In human scans, the TR from spoke to spoke will likely need to be increased due to the SAR limitations discussed above and due to slower gradient performance. Hence, less data can be acquired per unit of time compared to preclinical scanners. However, as we indeed demonstrated 1 s time resolution with 1000 spokes, time resolutions near 3 s using <3000 spokes resulting in matrix size of 64 3 should be feasible for human studies.
Conclusion
We have demonstrated that susceptibility artifact free fMRI data can be obtained using MB- Our results indicate that with MB-SWIFT fMRI response could be monitored even in the close proximity to the implanted lead. The described strategy may represent an additional step toward intraoperative fMRI during DBS implantation in humans and for future MRI studies of awake animals, due to its immunity to susceptibility and motion artifacts. 
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